We conclude that the diaphragm may slightly tense the pericardium, but this has no important primary effect on the heart. cardiopulmonary interaction; cardiac output; venous return UNDER SOME, IF NOT ALL, CONDITIONS, the pe~i~ar~~rn acts as a constraining sheet around the heart (5, 7). Because the pericardium is attached firmly to the abdominal diaphragm, contraction of the diaphragm may tense the pericardium, thereby raising pericardial pressure, This, in turn, will reduce cardiac transmural pressures and the gradient for venous return In that way, descent of the diaphragm may lead to reduced cardiac output as a primary effect separate from any influence of the diaphragm on pleural and abdominal pressures or the lung. Dock (Z) , in experiments with human c concluded that tension on the pericardium by phragm sufficed to explain pulsus paradoxus. That mechanism has been cited recently (14) as a potential explanation for at least part of the reduction of cardiac output that occurs during positive end-expiratory (PEEP) breathing since PEEP may depress phragm passively. Some observers, however (4, 13) , have been unable to find a significant role for the pericardium in the cardiodepressive effects of PEEP, suggesting that it, or its connection to the diaphragm, may not be important.
In view of this controversy and the limited information from which conclusions have been drawn, we undertook to evaluate the effects of diaphragm contraction on the pericardium and on cardiac function under more controlled conditions than have been used before.
METHODS
We used two different approaches.
In the first, we replaced the heart of a pump-oxygenator-perfused dog with an air-filled balloon so that we could observe the effects of a short period of sustained diaphragm contraction on perieardial pressure and distensibility.
In the second, we used an open-chest dog and a servo system to control left or right atria1 mean pressure or cardiac we inferred the effects of sustained contraction of the diaphragm on cardiac performance from changes in the remaining uncontrolled cardiovascular 1. The dog, anesthetized with pentobarbital 0 mg/kg iv), was first placed supine on the operating table, A midline cervical incision served to expose the right jugular vein and the trachea. A &mm-ID Nalgene cannula was advanced into the superior vena cava from the jugular vein, A tie was placed around the trachea to secure it firmly to an endotracheal tube that had been passed orally and ventilation was thereafter ed with a piston respirator.
With the dog lying on its left, side, the right chest was opened laterally between the fifth and sixth ribs. Through this incision we freed the right phrenic nerve from the pericardium and ligated the azygos vein. The dog was then rolled to the right side, and the left lateral thorax was opened along the fourth imercostal space. The left subclavian was freed, tied near the stellate ganglion, and ated below the tie. This cannula ultimately served to return blood from a pump-oxygenator system to the aortas e left phrenic nerve was freed, and a pair of stimulating electrodes was placed around it. The dog was the supine position, and by working through oracotomy we ligated the superior cava at its nction and inserted a I-cm-ID glass cannula into the inferior vena cava through an opening at its atrial junction. Blood drained from the jugular and inferior caval cannulas to a pump-oxygenator system of our 1262 T. C. LLOYD, JR., AND J. A. COOPER own design (8) that had been primed with 1,000 ml of 6% dextran in 0.9% saline solution. Blood was returned through the subclavian artery at a constant flow of about 100 ml. min l kg body wt? Heparin was used to prevent blood clotting. With external perfusion established, we opened the pericardium through a slit approximately 5 cm long made over the right ventricle ventral to the phrenic nerve bed and then withdrew the heart from the pericardium through this slit. A common tie was placed around the base of the aorta and pulmonary artery, and the heart was severed from its vascular attachments and discarded. A rubber balloon (unstressed volume, O-l,100 ml) was placed within the pericardial cavity, and the pericardium was closed by interrupted sutures at about l-cm intervals.
Electrodes were applied to the right phrenic nerve. Leads from each phrenic electrode pair were connected in parallel to a stimulator output, and we confirmed by direct observation that both hemidiaphragms contracted vigorously when the nerves were stimulated. The stimuli were 0.2ms square pulses of 2-4 V in magnitude given at a frequency of 65 Hz. These values were found by trial and error to give a maximum contraction with the least spontaneous decay and best reproducibility.
The tracheal cannula was disconnected from the respirator, and the lungs were allowed to collapse. The tube from within the pericardial balloon was connected to a pressure transducer and to a glass syringe. Balloon pressure was recorded on a strip chart. The balloon was filled two or three times with a known volume of air from the syringe sufficient to raise pressures above 15 Torr. This sufficed to unfold the balloon and distribute it throughout the pericardial sac. The balloon volume was then returned to a level sufficient to cause a pressure of about 4.5 Torr, and this volume and pressure were taken as the base-line values for subsequent studies. An abdominal pneumograph served to record spontaneous respiratory activity as well as the descent of the diaphragm during external stimulation.
In the course of surgery we were careful not to disrupt attachments between the diaphragm and pericardium or attachments of each with the chest wall. To preserve the transmission of downward force on the inferior cava exerted by the contracting diaphragm, we inserted the glass cannula with minimal disturbance of tissue. The protocol began by observing pressures in the pericardial balloon before, during, and after a period of diaphragm contraction that lasted about 10 s. Then, by using the syringe, we abruptly added and withdrew loml volumes of air from the pericardial balloon to produce approximately symmetrical square waves of volume change at -0.15 Hz for a period of about 60 s. While doing this we obtained balloon pressures before, during, and after -20 s of phrenic stimulation.
The preceding observations, which were acquired in the presence of spontaneous respiratory movements and at least in duplicate, were then obtained in further repeated measurements after spontaneous respiratory activity had been eliminated by cutting the phrenic nerves above the electrodes and suppressing the remaining activity of other muscles with additional intravenous pentobarbital sodium. After the experiment we tabulated the change in base-line balloon pressure evoked by phrenic stimulation, the change in pressure caused by the lo-ml volume changes, and the change in the pressure oscillations associated with the lo-ml volume change that occurred while the phrenic nerves were stimulated.
Group 2. The pentobarbital sodium-anesthetized dog was posi .tioned supine, and the neck was opened as in group 1. A metal cannula was inserted through a trache-.ostomy and tied securely. We preferred this cannula to the oral tube because dead space was less, allowing adequate ventilation with smaller tidal volumes than before. Ventilation was maintained with a piston respirator. A 5-mm-ID Nalgene cannula was passed from the right jugular vein into the right atrium. This was ultimately used to add or withdraw blood for control of cardiac performance. A 1.5-mm-ID Tygon catheter was passed from the left jugular vein to the right atrium for measurement of right atria1 pressure. A catheter was tied in the right common carotid artery for measurement of systemic arterial pressure. With the dog on its left side, the right lateral thorax w pas opened in the fo urth intercostal space. The aortic arch was exposed through a small pericardial slit, and a calibrated electromagnetic flow probe was placed around the ascending aorta. The pericardial slit was closed with one or two interrupted sutures. The right phrenic nerve was freed from the pericardium and transected at the A pair of stimulating electrodes 1 .evel of the aortic arch. was installed on the peripheral segment. With the dog repositioned on the right side, the left lateral chest was opened in the fourth intercostal space and the left phrenic nerve was similarly prepared. To measure left atria1 pressure, an M-gauge polyethylene catheter was advanced into the atrium from a small pulmonary vein draining the left cardiac lobe. The dog was returned to the supine position, and endexpiratory pressure was adjusted to nearly zero so that the lungs remained out of contact with the heart and much of the chest wall during the respiratory cycle. Anesthesia was maintained with pentobarbital sodium sufficient to depress profoundly or prevent spontaneous respiratory movements. To measure abdominal pressure changes associated with movement of the diaphragm, we made a l-cm slit in the anterior midline just below the umbilicus and inserted a catheter that ended in a small balloon into the abdominal cavity. The balloon and catheter were flushed free of air, and the balloon was partially filled (but not distended) with water while connected to a pressure transducer. In addition to abdominal pressure, we continuously recorded systemic arterial, right atrial, and left atria1 pressures and pulsatile and mean aortic flow. All pressures were measured with respect to a horizontal plane at the level of the venae cavae.
The cannula ending in the right atrium was connected to a dependent cylindrical reservoir primed with 500-ml of 5% dextran in 0.9% saline solution. Blood drained passively into this reservoir or was pumped from it into the atrium as needed for servo control of atria1 pressures or mean aortic flow. The servo controller, of local design and construction, was a simple proportional controller that varied speed of a rotary pump to minimize the difference between actual parameter value and a chosen set point. Pressures were held within to.2 Torr and mean flow was held within +200 ml/min. In terms of fractional changes of the controlled parameters, these limits represent, on the average, t3% and +_8%, respectively. Changes of volume within the reservoir were continuously recorded by measuring pressure at the bottom of the reservoir with another pressure transducer.
CONSTANT VOLUME Pbal I 2 Torr
Before formal data gathering began, we blocked autonomic ganglia with hexamethonium hydrochloride in a dose of 7.5 mg/kg body wt. Two-thirds of this dose was given intravenously, and the remainder was added to the fluid in the external reservoir. This stabilized heart rate at about 160 beats/min and eliminated vasomotor reflex changes that might contribute to the results.
We began by controlling right atria1 pressure at, or slightly above, the level found to be present after administration of hexamethonium hydrochloride. Control data were collected for about 1 min, and then the phrenic nerves were stimulated using the same stimulus parameters previously described. Observation continued for about 1 min, after which the stimulus was withdrawn and a recovery period was observed. In a similar manner we recorded the effects of diaphragm contraction while controlling left atria1 pressure and mean aortic flow. When controlling flow we were careful to prevent changes in zero-flow base-line voltage level at the amplifier output because this would have influenced the mean flow voltage analogue that drove the servo controller.
Flow recorded at the end of diastole was assumed to be zero, providing a beat-by-beat check on base-line drift. This was never a problem, except in one experiment in which it was so troublesome that we chose to eliminate that dog from our analysis. After the three challenges under controlled conditions, we observed a fourth during which the atria1 drain line was clamped so that no external control was imposed. The above procedures were then repeated two more times. The order in which observations were obtained was not necessarily the same, either within or among experiments, but no attempt was made to achieve random ordering, and the greatest number were done in the order described above. Data tabulated after the experiment included base-line vascular pressures and cardiac output and the changes brought about by phrenic stimulation on atrial, arterial, and abdominal pressures, as well as on reservoir volume and mean aortic flow. 1. Pericardial balloon pressure (Pbal) and abdominal pneumograph pressure (Pneum) before, during, and after a period of phrenic nerve stimulation (Stim) in an experiment from group 1 before severing phrenic nerves and depressing spontaneous breathing. Top, constant balloon volume; bottom, lo-ml oscillations of balloon volume. Inspiratory deflections (Insp) of Pneum are downward.
Data anaZysis. Statistical tests used in our analysis and the symbols by which they will be represented include analysis of variance (ANOVA), Student's t test for paired variates (t), Newman-Keuls test (N-K), and the Spearman rank correlation (Spear) (15) . Effects noted to be significant had a chance probability of 0.05 or less.
RESULTS
ing spontaneous respiration and then those found after sectioning the phrenic nerves and depressing breathing with pentobarbital sodium. There was no significant difference attributable to respiratory activity, although there were differences among individual dogs (ANOVA). Because the presence or absence of spontaneous breathing had no significant effect, we merged the two sets to provide a single average change for each dog. The average increase for the group (n = 6) was 0.9 t 0.7 (SD) Torr. This increase was statistically significant (t). Pressure changes associated with the lo-ml volume changes were also unaffected by the presence or absence of spontaneous breathing movements but differed among dogs (ANOVA), and again the data have been combined. Before the phrenic nerves were stimulated the volume change caused pressure changes averaging 3.1 t 0.4 (SD) Torr, whereas during stimulation this pressure change rose significantly (t) to 3.2 t 0.4 (SD) Torr and fell significantly (t) to 3.0 t 0.4 (SD) Torr after withdrawing the stimulus. These results were interpreted as showing that maximum contraction of the diaphragm slightly tensed the pericardium and slightly decreased its effective (volumetric) compliance. Group 1. There were six dogs in this group. The average weight was 19.5 kg (range 16-22). The volumes of air with which the pericardial balloons were filled averaged 216 ml (range 125-300), and the associated base-line pressures averaged 4.6 Torr (range 3.7-5.9). Results from a typical experiment are shown in Fig. 1 . Stimulating the phrenic nerves always increased pressure in the balloon in five of six dogs but had no measurable effect in the sixth. Changes for each dog were quantified first by averaging the several observations in the challenges durSpontaneous respiratory activity had a small but variable effect on pericardial balloon pressure. In two dogs inspiration caused a pressure fall of 0.1 Torr. In two others nothing happened.
In one dog inspiration increased pressure 0.3 Torr and in the remaining dog, which had prominent expiratory abdominal muscle activity, inspiration had no effect but expiration increased pressure 0.9 Torr. We found that balloon pressure fell when we manually lifted the rib cage toward a more inspiratory position, whereas it increased when the ster-nopericardiac ligament was tensed caudally by finger pressure. By palpating this ligament while stimulating the phrenic nerves, we found that the ligament was displaced caudally during diaphragm contraction. At the same time, a downward pull. on the inferior vena cava slightly displaced the dorsal margins of the pericardium in the same direction.
Group 2. The body weight of the 12 dogs studied successfully averaged 18.2 kg (range X-21). The average base-line mean aortic flow was 133 t 34 (SD) ml*min-' * kg -I, and the average base-line mean pressures in aorta, left atrium, and right atrium were, respectively, 86 & 14, 7.4 t 1.0, and 6.5 t 1.0 (SD) Torr. Changes that occurred while stimulating the phrenic nerves are given in Table  1 .
while doing the experiments was the significant (t) increase in reservoir volume that took place when any of the variables was controlled, but this was not the same for all three subgroups (ANOVA): the increase was significantly larger when right atrial pressure was controlled, whereas the changes in the other two subgroups did not differ (N-K). The only other significant cardiovascular changes caused by diaphragm contraction during servo control were a left atrial pressure fall during control of right atrial pressure and a right atrial pressure rise when left atria1 pressure was controlled (t). Although statistically significant, these changes were small. Cardiac output did not systematically change while atria1 pressures were controlled, nor did atria1 pressures change if cardiac output was controlled. Without control, significant changes occurred in all variables (t), and these changes were even larger during the first few seconds of stimulation.
Abdominal pressure rose to an initial peak and then subsequently declined, but in every case it remained significantly elevated (t) throughout the stimulation period. Although the increase in abdominal pressure varied significantly among dogs, there was no significant differ- ence among the four subgroups of control modes (AN-OVA). There was a significant positive correlation between the increase in abdominal pressure and the increase in reservoir volume among the 12 dogs while left or right atrial pressure was controlled but not while controlling mean aortic flow (Spear). In the absence of control there was a significant correlation (Spear) between the increases in abdominal pressure and in cardiac output when measured during the plateau but not when measured during the transient peak. Although statistically significant, those correlations were not particularly strong. The coefficients of determination for those that were significant, expressed as a percentage, ranged from 15 to 30%. These coefficients, derived from linear regression, should be interpreted with caution because the data were widely scattered, heteroscedastic, limited to only 12 pairs, and therefore not entirely suitable for parametric regression analysis.
An example of one sequence of observations in agroup 2 experiment is given in Fig. 2 , Because the nonrandom steady-state changes in cardiac output and eardiovascular pressures were generally small and variable, the illustration best serves to show temporal events. Table 1 should be used to appreciate magnitudes of steady-state changes and their variances and significances. In Fig. 2C , the right and left atria1 pressure falls that occurred while cardiac output was controlled are examples of random variations that occurred in secondary variables during servo control. The inherent random variability of the isolated variable is greatly increased during servo control by compounding with the several random variabilities in the servo controller itself (data-sensing error, set point, and comparator errors and pump characteristics).
Therefore there was a nonzero steady-state change in all but a few instances. Distinction between random and nonrandom change across the group of experiments was based, as noted before, on the paired t test.
Experimental group 2 was interpreted as showing that contraction of the diaphragm mobilized blood from the abdominal pool by increasing abdominal extravascular pressure, but the primary effects of contraction on the heart were small, and in terms of cardiac output they were undetectable.
DISCUSSION
In the first format we found that contraction of the diaphragm caused a small increase in pericardial pressure when pericardial volume was held constant and a slight decrease in pericardial sac volumetric compliance when volume was cyclically varied by a small amount. Knowing that the 10-d cyclic volume change caused an average 3-Torr pressure change, the 1-Torr isovolumetric pressure change brought about by diaphragm contraction is equivalent to an isobaric volume change of approximately -3 ml, or about 1.5% of the original volume. With the heart in situ this change might have no detectable effect on cardiac performance if it only produced an isobaric decrease in unstressed cardiac volume, but if the event were not isobaric a decrease in atrial transmural pressure of 1 Torr (the immediate secondary effect of increasing pericardial pressure by 1 Torr) would be expected to reduce cardiac output by at least 20% (6, 12). The slight The effects we found in the first set of experiments were probably less than those found by Dock (2) using human cadavers. At base-line pericardial pressures similar to ours, he reported little effect on pressure when the diaphragm was displaced downward, but at higher base- line pressure, pressure rose as much as 18 Torr. The pressure change at base-line pressures of less than 7 Torr was not specified but was apparently less than 4 Torr. His reported pressure changes do not indicate the isobaric pericardial volume changes that may have been produced. Suitable data for that information are available for only one subject in his report, but inspection of these shows that, across nearly the entire range of baseline pericardial pressures (including pressures similar to ours), descent of the diaphragm resulted in an equivalent isobaric volume reduction of about 100 ml. We estimate this to be about 15% of the sac volume and to be equivalent to a lo-fold greater effect than we found in the dog. Although Dock (2) emphasized the increases in pressure caused by diaphragm descent, especially if base-line pressures were raised by excessive pericardial fluid, we reason that even at normal pressures a volume change of that magnitude might be expected to influence cardiac performance. Although we think that Dock may have overestimated the effects of the diaphragm on the heart, there were many differences between his experiment and ours that may preclude much comparison.
One obvious difference is species. To better understand the anatomy of the dog, we dissected away the lateral rib cage in three dogs, exposing the pericardial attachments. From these it was clear that the only structures that tensed during diaphragm contraction were the inferior vena cava and the sternopericardiac ligament. As described by Miller et al. (10) and confirmed by us, the latter arises near the ventricular apex and is embedded in the muscular belly of the diaphragm about midway between the sternum and the central tendon. It is pulled caudoventrally by contraction when the dog is supine. At the same time, there is a pull on the inferior vena cava that causes little displacement of the heart, because the dorsal aspect of the pericardial sac, with which the cava is coplanar, is rather firmly fixed. Other pericardial attachments to sternum and diaphragm are diaphanous and do not seem to contribute to tensing the sac. Lifting the sternum toward a more inspiratory position reduced tension in the sternopericardiac ligament by bringing the sternal origin of the diaphragm headward, reducing the distance between it and the cardiac apex.
We anticipated from the group 1 experiments that diaphragm contraction might reduce cardiac output when atria1 pressures were controlled, but no significant change was found in group 2 dogs. Although not reflected by statistically significant changes in cardiac output, there were other significant changes consistent with the hypothesis that diaphragm contraction imposed some constraint. These include the fall of left atria1 pressure when right atria1 pressure was controlled and the requirement for increased right atria1 pressure when left atria1 pressure was controlled.
Cardiac output, which did not appear to change systematically, cannot be measured or controlled with the same degree of precision as is mean atria1 pressure (see METHODS) .
Because of the tight coupling between left atria1 pressure and cardiac output (E), one could look upon the slight but significant fall of left atria1 pressure during diaphragm contraction while right atria1 pressure was controlled as an indication of a fall in cardiac output too small to measure directly. However, we cannot confidently assign this change to a pericardial pressure increase or reduced pericardial
compliance. An alternative explanation is that the heart was rotated to a more vertical position by the contracting diaphragm. With the center of gravity of the ventricles raised slightly above their previous positions, a slightly greater pressure would be required to bring about the same ventricular filling. The implied upward displacement of about 5 mm is quite within the realm of possibility.
The most impressive effect of diaphragm contraction in the second group of experiments was the displacement of blood to the reservoir during any of the servo-control modes. The displaced volume was related to the magnitude of abdominal pressure change as would be expected if it were displaced from the abdomen. Although there has been no proof that the abdomen was the sole, or major, source, we believe other sources are unlikely. For example, it is unlikely that much was obtained from within the pericardial sac by a primary reduction of sac (and thus cardiac) volume because experimental group 1 showed diaphragm contraction to cause an average pericardial volume decrease of only 3 ml under isobaric conditions. Although the heart volume could have decreased in some unknown secondary way, cardiac volume changes in the range of 50 ml would be unlikely in the face of constant systemic arterial and atria1 pressures, constant heart rate and cardiac output, and autonomic blockade. For the same reason it is unlikely that nonabdominal systemic vascular pools contributed heavily to the reservoir. Lungs are an unlikely source because their volume, ventilation, and hemodynamic variables remained constant at times when the reservoir filled. Thus we suspect that, because of its relation to abdominal pressure and its unlikely nonabdominal origin, the increase in reservoir volume reflected a decrease in splanchnic vascular capacity when the diaphragm contracted. The average volume displaced per unit pressure, 26 ml. Torr-' (or 1.4 ml. kg-'. Torr-l), differs little from the splanchnic compliance of 1.2 ml. kg-' l Torr-' measured by Mitzner and Goldberg (10) . Without servo control, the reduction in abdominal vascular capacity by the diaphragm's effect on abdominal pressure increased cardiac diastolic filling more than enough to compensate for any slight increase of pericardiac pressure due to pericardiophrenic tethering, so that cardiac output and the remaining cardiovascular pressures all rose significantly when the diaphragm was stimulated. Thus contraction of the diaphragm seemed to have its most important effect on vascular capacity rather than on the pericardium. The magnitude of cardiac output change when there was no servo control was similar to that shown by Herndon and Sagawa (6) to occur upon elevation of right atria1 pressure by an amount equal to that occurring when the diaphragm was stimulated, which again is consistent with the conclusion that there was no important constraint imposed by contracting the diaphragm. Although we believe that the higher abdominal pressure caused the exit of blood from the abdomen when the diaphragm contracted, the reader should be warned not to expect this as a universal finding. If abdominal pressure is increased above mean pressure in the thoracic postcava, abdominal veins should behave like Starling resistors (3) . As shown by Alexander (1) and discussed by Duomarco and Rimini (3)) downstream collapse will lead to increased venous resistance, higher upstream pressures, and expansion of volume in smaller veins where most storage capacity lies so that, with sustained contraction of the diaphragm, splanchnic blood volume rises. We have confirmed the findings of Alexander (1) and Duomarco and Rimini (3) in unpublished experiments performed subsequent to submission of the present paper. In preparations similar to those described here as group 2, we have been able to show consistently that there is a net loss of blood into the external reservoir during sustained contraction of the diaphragm if mean pressure in the thoracic postcava is greater than mean abdominal pressure, as was the case in group 2 experiments. However, if downstream (thoracic) postcava pressure is less than abdominal pressure, blood accumulates in the upstream vessels during sustained diaphragm contraction, as reflected by a fall in volume within the external reservoir.
In our experiments the initial increase in abdominal pressure was not sustained during continuing phrenic nerve stimulation but fell, on the average, to half the peak value. Part of this fall undoubtedly occurred by loss of abdominal blood when using servo control, but a similar fall occurred without servo control, from which we infer that the major cause of the fall was muscle relaxation. Some of this may have been relaxation of the anterior abdominal wall, but fatigue of the diaphragm is another likely cause. The measurements made in the first group of experiments were acquired within the time before relaxation occurred and therefore represent the greatest effects likely to be achieved.
In the second experimental group the time during which pressure declined to a quasi-plateau and the time required to establish vascular control were about equal so that measurements were made when tension in the sternopericardiac ligament was potentially less than maximum. We suspect that spontaneous reduction of tension on the pericardium was not as great as the abdominal pressure change might suggest, because there was always a considerable physical displacement of the diaphragm headward on termination of the phrenic stimulus, even when the associated pressure recovery was small. This suggests that relaxation of the anterior wall muscles played a significant part in the pressure decline. We recognize that failure to know tension in the sternopericardiac ligament is a shortcoming of our method. To the extent that this fell before measurements were made, we acknowledge that we underestimated effects in group 2. We suspect, however, that the maximum contraction would not have caused a significant restraint, because during the period of maximum abdominal pressure change the cardiac output never fell.
We did not establish that the heart was constrained by the pericardium under base-line conditions, and if it was not, then tensing by diaphragm contraction would not have had an effect unless it was sufficient to achieve some degree of constraint.
The small changes found in our first experimental format lead us to infer that, if the pericardium did not constrain the heart when the diaphragm was relaxed, it is unlikely to have done so when the diaphragm contracted. Ventricular diastolic pressurevolume relationships provided by Janicki and Weber (7) indicate, however, that there is constraint by the pericardium at all diastolic pressures above zero, and from this we infer that the pericardium was probably under initial tension. One should note that, in the normal dog with a closed chest, constraint by the pericardium at any given end-diastolic pressure may be less than when the chest is open and the lungs are separated from the heart. The reason for this is that the lungs normally exert a force countering cardiac expansion that is borne entirely by the pericardium when the chest is open and lungpericardiac contact is lost (9) . Hence under normal conditions the pericardium may be less tensed than in our current experiments or in those of Janicki and Weber (7) , and the normal effect of diaphragm contraction may have been overestimated in the present study. On the other hand, by opening the chest and allowing the rib cage to recoil toward a more inspiratory position, we would have reduced tension on the sternopericardiac ligament and underestimated the role of the diaphragm. One should also note that in the prone or free-standing dog, gravity will displace the heart toward the sternum and alter the shape of the diaphragm by its effect on the abdominal contents. Although we suspect that the net effect of standing would be to reduce tension in the sternopericardiac ligament, it is only fair to say that we really do not know its normal status. Because of the above uncertainties, it would be premature to conclude that we have accurately and unequivocally quantified the effect of contraction of the diaphragm in the intact animal, and our present conclusion that those effects are negligible may be modified after further investigation.
